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The conserved heterochromatic location of centromeres in higher eukaryotes suggests that intrinsic properties
of heterochromatin are important for chromosome inheritance. Based on this hypothesis, mutations in
Drosophila melanogaster that alter heterochromatin-induced gene silencing were tested for effects on
chromosome inheritance. Here we describe the characterization of the Su(var)2-10 locus, initially identified as
a Suppressor of Position-Effect Variegation. Su(var)2-10 is required for viability, and mutations cause both
minichromosome and endogenous chromosome inheritance defects. Mitotic chromosomes are impropetly
condensed in mutants, and polytene chromosomes are structurally abnormal and disorganized in the nucleus.
Su(var)2-10 encodes a member of the PIAS protein family, a group of highly conserved proteins that control
diverse functions. SU(VAR)2-10 proteins colocalize with nuclear lamin in interphase, and little to no
SU(VAR)2-10 is found on condensed mitotic chromosomes. SU(VAR)2-10 is present at some polytene
chromosome telomeres, and FISH analyses in mutant polytene nuclei revealed defects in telomere clustering
and telomere-nuclear-lamina associations. We propose that Su(var2-10 controls multiple aspects of
chromosome structure and function by establishing/maintaining chromosome organization in interphase

nuclei.
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Heterochromatin is an enigmatic component of higher
eukaryotic genomes. The paucity of genes and the abun-
dance of repetitive sequences in heterochromatin con-
tribute to it being described as functionally inert. How-
ever, heterochromatin houses essential single copy genes
(Liu et al. 1998) and the rDNA loci, the most highly
transcribed genes in the genome (for review, see Wil-
liams and Robbins 1992). In addition, the centromere—
the site of kinetochore formation, spindle attachment,
and checkpoint control during mitosis and meiosis—is
usually buried deep within heterochromatin. Elegant
studies from a variety of organisms (Goday and Pimp-
inelli 1989; Bass et al. 1997) indicate that heterochroma-
tin plays other important roles in chromosome inheri-
tance. For example, heterochromatic homology is re-
quired for faithful homolog pairing and chromosome
segregation during male and female meiosis in Dro-
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sophila (McKee and Karpen 1990; Dernburg et al. 1996D;
Karpen et al. 1996).

Heterochromatin can silence the expression of genes
that are normally found in euchromatin, resulting in a
phenomenon known as position-effect variegation (PEV).
PEV manifests as the mosaic or variegated expression of
an affected locus owing to its abnormal juxtaposition
near centric heterochromatin or telomeres (for review,
see Wallrath 1998). Changes in the chromatin structure
surrounding a variegating gene motivated the hypothesis
that PEV is caused by spreading of the heterochromatic
state into neighboring regions of euchromatin (for re-
view, see Wakimoto 1998). However, PEV also occurs
when heterochromatic associations produce large-scale
alterations in the nuclear organization of chromosomes.
For example, a large block of heterochromatin inserted
into the Drosophila brown (bw) gene induces the mislo-
calization of the homologously paired normal copy of the
bw locus to a nuclear region that contains centric het-
erochromatin (Csink and Henikoff 1996; Dernburg et al.
1996a). Similarly, the silencing of lymphoid-associated
genes in mammalian B lymphocytes correlates with
their association with Ikaros proteins in a region of in-
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terphase nuclei containing centric heterochromatin
(Brown et al. 1997). These observations challenge the
notion that variegated gene expression results simply
from cis-spreading of the heterochromatic state, and
demonstrate that nuclear organization also contributes
to PEV (Weiler and Wakimoto 1995).

Loci that alter heterochromatin-induced gene silenc-
ing likely encode chromosomal proteins that control
normal heterochromatic functions. One hundred or
more Drosophila genes are predicted to modify PEV in
trans (Suppressors and Enhancers of PEV, or Su(var)s and
E(var)s (Reuter and Wolff 1981; Sinclair et al. 1989). Do
modifiers of PEV encode proteins that also contribute to
chromosome inheritance? The strongest data linking si-
lencing loci to chromosome inheritance come from the
fission yeast Schizosaccharomyces pombe. Three genes
(Swi6, Clrd, and Rik1) originally identified from muta-
tions that alleviated silencing were shown to encode
centromere-associated proteins necessary for chromo-
some inheritance (Allshire et al. 1995). A small number
of Drosophila PEV modifiers have been linked to chro-
mosome inheritance functions (Wines and Henikoff
1992; Kellum and Alberts 1995; Fanti et al. 1998), includ-
ing Heterochromatin Protein 1, which promotes accu-
rate chromosome segregation in embryos and is required
to prevent telomere fusions in diploid cells (Kellum and
Alberts 1995; Fanti et al. 1998). Interestingly, SUV39H1,
a human homolog of Drosophila SU(VAR)3-9 and S.
pombe CLR4 proteins, binds centromeric regions on hu-
man metaphase chromosomes. SUV39HI1 overexpres-
sion analyses and histone methyltransferase activity im-
ply a role in assembling heterochromatic structures
(Melcher et al. 2000; Rea et al. 2000). Nonetheless, the
link between PEV modifiers and heterochromatin-medi-
ated inheritance functions remains largely unexplored;
to date, no comprehensive investigation of the relation-
ship between PEV modifiers and inheritance has been
reported for any multicellular eukaryote.

We have devised a method to screen Drosophila PEV
modifiers systematically for roles in chromosome inher-
itance. J21A, one of a large collection of Dp(1;f)1187
(Dp1187) minichromosome deletion derivatives, is
greatly reduced in overall size and contains only two-
thirds of the DNA sequences required for normal cen-
tromere function (Murphy and Karpen 1995b; Sun et al.
1997). Previous studies demonstrated that J21A trans-
mission is dominantly affected by mutations in many
genes required for inheritance, whereas the inheritance
of normal chromosomes is unaffected. J21A inheritance
is sensitized to the reduced dosage of genes involved in
different aspects of inheritance, including spindle com-
ponents, antipoleward forces, condensation, replication,
sister chromatid cohesion, and overall chromosome ar-
chitecture (Murphy and Karpen 1995a; Cook et al. 1997;
Lopez et al. 2000; Dobie et al. 2001). J21A has been used
to screen for dominant effects of new mutations on
transmission, bypassing the aneuploidy-induced lethal-
ity that can result when screening for recessive muta-
tions that impact endogenous chromosome inheritance
(Dobie et al. 2001). We have recently demonstrated that

Su(var)2-10 and chromosome inheritance

nearly half of Su(var) and E(var) mutations dominantly
alter the transmission of J21A, suggesting that a large
proportion of PEV modifier loci influence chromosome
inheritance (H. Le, K. Donaldson, K. Cook, and G.
Karpen, in prep.). Here we describe the cloning and
characterization of one locus identified in this screen,
Su(var)2-10. We demonstrate that Su(var)2-10 is re-
quired for proper chromosome structure and chromo-
some inheritance. Furthermore, we present protein lo-
calization data and cytological analyses that suggest that
Su(var)2-10 controls chromosome structure and func-
tion, and other cellular tasks, by establishing and/or
maintaining interphase chromosome organization with-
in the nucleus.

Results

Su(var)2-10 mutations cause dominant reductions
in sensitized minichromosome transmission

Su(var)2-10 was identified as a candidate chromosome
inheritance locus in a pilot screen for dominant effects of
PEV modifiers on the transmission of a sensitized
Dp1187 minichromosome derivative, J21A (H. Le, K.
Donaldson, K. Cook, and G. Karpen, in prep.). J21A
shows reduced monosome transmission from parents to
progeny (27 %), in comparison to the normal 50% mono-
some transmission of full-length minichromosomes
(Murphy and Karpen 1995b). Su(var)2-10? and Su(var)2-
10° caused dominant zygotic and maternal reductions in
J21A transmission. As shown in Table 1, Su(var)2-10
mutations exhibited weak but reproducible decreases in
J21A transmission when the Su(var)2-10 mutation was
inherited from the father (Table 1, left column, without
transgene, rows 3 and 5). When Su(var)2-10" or Su(var)2-
10° was inherited from heterozygous mothers, zygotic
and maternal defects combined to reduce J21A transmis-
sion levels to 7% and 8%, respectively (Table 1, left col-
umn, without transgene, rows 2 and 4). Previous statis-
tical analyses determined that /21A transmission rates of

Table 1. J21A minichromosome transmission rates
in Su(var)2-10 heterozygous females

- transgene® + transgene®
Genotype (% = SD) (% + SD)
+/+ 27 =12 14+9
Su(var)2-10"* 7+5 10+7
Su(var)2-10'+® 20 = 10 30+ 13
Su(var)2-10°" 8+4 23 +8
Su(var)2-102/+® 16+9 25 + 14

Monosome transmission for the J21A minichromosome from
individual females of the indicated genotype was measured as
described in Materials and Methods, and the average percent
transmission +SD is shown.

2The transgene construct is described and illustrated in Supple-
mental Material at www.genesdev.org.

PMutation chromosome inherited from the father, revealing
only the zygotic defects caused by the mutation.
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<22% or >37% differed significantly (p < 0.05) from the
normal rate of 27% (Dobie et al. 2001). These data indi-
cate that Su(var)2-10 is required early in development
when maternal RNAs are being utilized, and also later in
development when zygotic transcription is required. Sur-
prisingly, raising the dose of Su(var)2-10" to three copies
using a transgene (Table 1, right column, with transgene,
row 1) also reduced J21A transmission, indicating that
cells are also sensitive to increases in Su(var)2-10 prod-
uct.

Su(var)2-10 is essential for the inheritance
of endogenous chromosomes

Data from deficiency mapping and lethality rescue ex-
periments indicated that multiple lethal mutations exist
along the Su(var)2-10" and Su(var)2-10° chromosomes.
To determine if Su(var)2-10 is required for viability, we
examined the development of Su(var)2-10*/Su(var)2-10?
and Su(var)2-10°/Su(var)2-107°*7#4 trans-heterozygous
animals. [Su(var)2-107°*7#2 is a deletion of the coding

A Su(var)2-10 Su(var)2-101
+ Su(var)2-102

region; see Supplemental Material at www.genesdev.org.]
These mutant animals died as late larvae and early pu-
pae, and 3%-15% of Su(var)2-10'/Su(var)2-10° larvae
had melanotic tumors (Fig. 1A).

Is Su(var)2-10 required for the inheritance of all chro-
mosomes, or is the effect minichromosome-specific?
The late lethal phase of Su(var)2-10 trans-heterozygotes
allowed us to examine mitotically active neuroblast tis-
sue from mutant third-instar larvae. Balancer chromo-
somes expressing Green Fluorescent Protein were used
to distinguish Su(var)2-10'/Su(var)2-10° larvae from
their siblings. The structure and function of chromo-
somes in Su(var)2-10 mutants were grossly abnormal in
both males and females. Two major types of chromo-
some defects were observed: abnormally condensed
chromosomes in metaphase (Fig. 1D-F) and aberrantly
segregating chromosomes in anaphase (Fig. 1G-J). Telo-
mere fusions, characteristic of mutants for another PEV
modifier, Su(var)2-5 (Fanti et al. 1998), were not ob-
served in Su(var)2-10 mutants. Anaphase segregation de-
fects included chromosome fragmentation (arrow, Fig.

Su(var)2-10Pex74A

+ Su(var)2-102

Figure 1. Chromosome structure and function defects in Su(var)2-10 homozygotes. (A) Melanotic tumors are visible in homozygous
third-instar larvae (right side), but not heterozygous larvae (left side). (B) Mutant salivary gland nuclei (right panel) are significantly
smaller and contain disorganized polytene chromosomes in comparison to wild-type nuclei (left panel). Note the absence of banding
in the mutant nuclei. Bar, 5 um. (C-J) DAPI-stained mitotic chromosome preparations from larval neuroblasts. Top panels are
metaphase (C-F), bottom panels are in anaphase (G-]). C and G are controls, the rest are Su(var)2-10 trans-heterozygotes (see Materials
and Methods). Note the abnormal chromosome condensation in D—F, and the aberrant segregation (H), chromosome fragments (I,
arrow), and anaphase bridges (], arrow) in mutant cells. The magnification for all mitotic figures is 1250x.
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11) and bridging (arrow, Fig. 1]). Penetrance of the mitotic
defects was temperature-sensitive (Table 2), and the per-
centage of mutant larvae with melanotic tumors also
increased with temperature (from 15% at 25°C to 63% at
28°C). Judging normal condensation as the appearance of
distinct sister chromatids in mitotic spreads, we found a
slight but statistically significant increase in improperly
condensed metaphases in control versus mutant neuro-
blasts at 25°C (22% to 35%, respectively; p < 0.002), but
a very large increase at 28°C (18% versus 61%;
p < 0.0001). Anaphase segregation defects were signifi-
cantly elevated in Su(var)2-10 mutants (p < 0.0001 for
both conditions), but did not show temperature sensitiv-
ity (18% at 25°C and 19% at 28°C; Table 2). The signifi-
cantly elevated frequencies of mitotic defects and the
recessive lethality displayed by homozygous mutants
demonstrate that Su(var)2-10 is essential for the normal
inheritance of all chromosomes, not just sensitized
minichromosomes.

Su(var)2-10 mutations affect polytene chromosome
structure

Many Drosophila larval tissues contain polytene cells.
These interphase nuclei undergo multiple rounds of
DNA replication without mitotic division, yielding large
chromosomes that are amenable to high-resolution cy-
tological analyses. To determine whether Su(var)2-10
controls general aspects of chromosome architecture, we
analyzed polytene chromosome structure in whole-
mount salivary gland nuclei from control and Su(var)2-
10?/Su(var)2-107°*744 third instar larvae. Similar results
were obtained for Su(var)2-10'/Su(var)2-10° larvae, al-
though the phenotypes were less severe. Mutant salivary
glands were reduced in size, and the consistent banding
pattern of normal polytene chromosomes was severely
disrupted. (Fig. 1B). Examination of individual 0.2-um
optical sections from whole-mount salivary gland nuclei
indicated that polytene chromosomes were generally
disorganized and abnormally condensed (right panel, Fig.
1B). These chromosome structure defects are not simply
a result of reduced nuclear size because comparably sized
nuclei from younger wild-type larvae exhibited normal
polytene chromosome structure (data not shown). In
sum, Su(var)2-10 promotes proper chromosome struc-
ture in both polytene and diploid cells, and influences
the organization of polytene chromosomes.

Table 2. Endogenous chromosome defects in Su(var)2-10 mutants

Su(var)2-10 and chromosome inheritance

Molecular characterization of Su(var)2-10

Previous studies mapped the variegation phenotype
of Su(var)2-10 to chromosome 2R (Wustmann et al.
1989). We deficiency-mapped the lethal phenotype to
polytene region 45A, and complementation-tested a
collection of P-element-induced lethal mutations local-
ized to this area by the Berkeley Drosophila Genome
Project (BDGP; Spradling et al. 1999). One insertion,
P{PZ}1(2)03697°3%°7, failed to complement Su(var)2-10*
and Su(var)2-10° for lethality. Precise excisions of
P{PZ}1(2)03697°%¢°7 reverted the lethal phenotype of the
P insertion and complemented both Su(var)2-10 EMS al-
leles for lethality. These data demonstrate that
P{PZ}1(2)03697°3%°7 is a bona fide allele of Su(var)2-10,
which we call Su(var)2-10°%°°7. P{PZ}1(2)036979%¢°7 is
inserted into the zimp (zinc finger-containing, Mizl,
PIAS3-like) transcription unit (Mohr and Boswell 1999),
named for its similarity to known proteins (see below)
and without knowledge of allelism to Su(var)2-10. The
genetically based Su(var)2-10 nomenclature will be used
here because of historical precedence (Reuter and Wolff
1981). We confirmed that Su(var)2-10 encodes this tran-
scription unit by examining the structures and comple-
mentation behaviors of imprecise P-element excisions,
by identifying single base mutations in the coding region
for Su(var)2-10* and Su(var)2-10?, and by transgene-me-
diated rescue of the lethality, variegation, and mini-
chromosome transmission defects (see Table 1, Materi-
als and Methods, and Supplemental Material at www.
genesdev.org).

SU(VAR)2-10 is a member of the PIAS/Miz1/ARIP3
protein family

Analysis of cDNAs and ESTs demonstrated that Su(var)
2-10 is alternatively spliced to produce at least six dif-
ferent transcripts, whose presence in animals was con-
firmed by Northern analysis (data not shown). Concep-
tual translation of Su(var)2-10 transcripts yields at least
four predicted protein products (522 aa, 537 aa, 554 aa,
and 593 aa). SU(VAR)2-10 isoforms are identical across a
514-amino-acid domain, but differ in their COOH ter-
mini. Future studies on alternative splicing at the 5’ end
of the transcripts may identify additional isoforms. Pro-
tein motif searches revealed two domains present in all
of the SU(VAR)2-10 isoforms: a SAP domain at the ex-
treme NH, termini from aa 2 to 36, which is a putative

Su(var)2-10'/Su(var)2-10°

25°C 28°C 25°C 28°C
Mitotic index 1.04 1.01 1.39 1.26
Abnormally condensed metaphases (%) 22 18 35 61
Aberrant anaphases (%) 2 2 18 19

The mitotic index, percentage of undercondensed metaphases, and percentage of aberrant anaphases are shown for the indicated
genotypes at 25°C and 28°C. The number of brains scored for each data set was the following: +/+ at 25°C = 9; +/+ at 28°C = 5;
Su(var)2-10*/Su(var)2-10? at 25°C = 13; Su(var)2-10°/Su(var)2-10° at 28°C = 8.
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DNA-binding domain found in diverse nuclear pro-
teins (Aravind and Koonin 2000), and a zinc finger
from aaa 325 to 367. SU(VAR)2-10 proteins are highly
homologous to a diverse group of proteins that in-
cludes members of the Protein Inhibitor of Activated
STAT (PIAS) family, which appear to be involved in tran-
scriptional regulation (see below; Chung et al. 1997; Liu
et al. 1998).

SU(VAR)2-10 proteins are localized in the
nucleoplasm and are not concentrated along
condensed mitotic chromosomes

To test whether SU(VAR)2-10 proteins localize to chro-
mosomes, antibodies that recognize all SU(VAR)2-10
isoforms were generated. Affinity-purified antibodies
recognize a triplet at (60 kD in 0-12-h cytoplasmic ex-
tracts from wild-type embryos, and at least four bands in
a nuclear extract from the same developmental stage,
whose molecular weights are close to the sizes of the
predicted isoforms (Fig. 2A).

We examined SU(VAR)2-10 distribution in diverse cell
types including early embryos, larval neuroblasts, S2 tis-
sue culture cells, and polytenized larval salivary glands.
Subcellular localization varied according to the phase
of the cell cycle. During interphase in all cell types,
SU(VAR)2-10 proteins are both cytoplasmic and nuclear,
with concentrated staining near the nuclear periphery
and in the nucleoplasm. For example, SU(VAR)2-10 pro-
teins localized to the nuclear periphery in interphase
neuroblast cells, and distinct nucleoplasmic foci were
also observed (Fig. 2B). Surprisingly, SU(VAR)2-10 pro-
teins did not localize to condensed metaphase or ana-
phase chromosomes in diploid nuclei from early em-
bryos (data not shown) or larval neuroblast cells (Fig.
2C,D). Similarly, staining in S2 cells occurred in a punc-
tate pattern in interphase, and metaphase chromosomes
showed no distinct concentration of SU(VAR)2-10 (Fig.
2E-G). Interestingly, at higher magnifications the punc-
tate interphase localization pattern of SU(VAR)2-10 ap-
peared as a threadlike network (inset, Fig. 2F), but
whether the network either overlapped with or con-
tacted the DNA could not be determined. The absence of

Figure 2. SU(VAR)2-10 localization in third-instar larval neuroblasts and S, cells. (A) Western analysis of affinity-purified anti-
SU(VAR)2-10. The antibodies recognize three distinct bands in a cytoplasmic extract (cyto) from 0-12-h embryos, and at least four
bands in a nuclear extract (nuc) from the same developmental stage. (B-G) Indirect immunofluorescence showing SU(VAR)2-10
localization in mitotic cells. Green represents SU(VAR)2-10 protein, and blue DAPI-stained DNA. (B-D) In larval neuroblasts,
SU(VAR)2-10 does not localize to chromosomes during metaphase (C) or anaphase (D), and is only prominent in interphase nuclei (B),
where it is organized around the nuclear periphery and in numerous intranuclear spots. Bar, 5 um. (E-G) Volume view of interphase
and metaphase nuclei from S2 cells. (E) DNA alone, (F) SU(VAR)2-10 alone, and (G) the merged image. SU(VAR)2-10 antibodies stain
interphase nuclei, but are not concentrated on metaphase chromosomes (F,G). Note the threadlike localization pattern in interphase

cells (inset in F). Bar, 10 pm.
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SU(VAR)2-10 antibody staining from mitotic chromo-
somes is not likely to be an artifact of the staining pro-
cedure because two different fixation protocols yielded
the same results for larval neuroblast tissue (see Materi-
als and Methods).

Given the striking hypocondensation and anaphase
segregation defects in homozygous mutants, it is surpris-
ing that SU(VAR)2-10 proteins are predominantly found
in interphase cells and not at specific sites along mitotic
chromosomes. It is possible that our antibodies do not
recognize chromosome-bound isoforms of SU(VAR)2-10,
that an undetectable quantity of SU(VAR)2-10 is bound
to chromosomes, or that SU(VAR)2-10 proteins are only
transiently associated with chromosomes in the tissues
we have analyzed. Regardless, the nucleoplasmic stain-
ing and concentration near the nuclear periphery in in-
terphase nuclei suggest that SU(VAR)2-10 proteins per-
form essential cellular functions during interphase.

To further investigate the interphase distribution of
SU(VAR)2-10 proteins, we examined localization in lar-
val salivary glands, where polytenization allows for bet-
ter visualization of interphase chromosome morphology

(B

Su(var)2-10 and chromosome inheritance

than in diploid cells. Antibodies to the GAGA transcrip-
tional activator, which binds SU(VAR)2-10 in two-hy-
brid assays (E. Andrulis and J. Lis, pers. comm.), were
included as controls for the staining procedure. Figure 3
shows single, deconvolved optical sections from indi-
vidual whole-mount nuclei. As expected, anti-GAGA
factor antibodies bound distinct sites along polytene
chromosomes (Fig. 3A). In these same nuclei, SU(VAR)2-
10 staining was found in the cytoplasm, with more
concentrated localization in the nucleoplasm (Fig. 3B).
SU(VAR)2-10 staining was generally not found at spe-
cific chromosomal regions (Fig. 3C); however, weak
chromosomal staining was observed. SU(VAR)2-10 pro-
teins predominantly occupied interchromosomal spaces,
and staining intensity was higher along the edges of the
chromosomes.

In whole-mount salivary gland nuclei from Su(var)2-
10'/Su(var)2-10° mutant larvae (Fig. 3D-F), a dramatic
decrease in the cytoplasmic levels of SU(VAR)2-10 was
observed, and little if any anti-SU(VAR)2-10 staining was
found in the nucleus (Fig. 3E). Although chromosome
morphology and organization were disrupted in these

Figure 3. SU(VAR)2-10 does not overlap with GAGA factor in whole-mount larval salivary gland nuclei. Indirect immunofluores-
cence showing SU(VAR)2-10 and GAGA-factor localization in whole-mount salivary gland nuclei from third-instar larvae. In all
panels, green is anti-SU(VAR)2-10 staining, red anti-GAGA staining, and blue DAPI-stained DNA. (A-C) Images from a single 0.2-um
optical section from the z-series stack of the deconvolved image. GAGA factor binds to discrete sites along polytene chromosomes (A),
and does not overlap with anti-SU(VAR)2-10 staining (C). SU(VAR)2-10 is predominantly present in the interchromosomal spaces of
the nucleoplasm and near the nuclear periphery, and weakly stains chromosomes (B). Bar, 15 um. (D-F) SU(VAR)2-10 and GAGA-factor
localization in whole-mount salivary gland nuclei from Su(var)2-10?/Su(var)2-10? mutant larvae. (D) Nuclei are reduced in size and
chromosome morphology is abnormal in mutant nuclei, yet GAGA factor is still able to associate with the DNA in a banded pattern.
(E) SU(VAR)2-10 staining is decreased both in the cytoplasm and the nucleus. Bar, 10 pm.
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nuclei, GAGA factor continued to associate with DNA
in a banded pattern (Fig. 3D). Therefore, although
SU(VAR)2-10 and GAGA factor may associate at some
stage(s) in the cell cycle, these results suggest that proper
Su(var)2-10 function is not absolutely required for
GAGA factor to bind DNA in interphase.

SU(VAR)2-10 proteins displayed a weak, punctate as-
sociation with squashed polytene chromosomes (Fig. 4).
The chromosomal staining patterns were variable; none-
theless, a small number of euchromatic bands were la-
beled (arrowheads, Fig. 4A-C), and the telomeric regions
of chromosomes 2L (arrow, Fig. 4A,B) and 4 (Fig. 4C)
were stained consistently. The heterochromatic chromo-
center was also stained in these squashed preparations
(double arrows, Fig. 4A). These staining patterns likely
represent local areas of SU(VARJ2-10 binding that be-
come apparent only after the high levels of cytoplasmic
and nucleoplasmic SU(VAR)2-10 are removed by extrac-
tion and squashing. A second fixation protocol that re-
moved the majority of the nucleoplasmic pool confirmed
the striking telomeric localization for SU[VAR)2-10 pro-
teins (Fig. 4D,E). SU(VAR)2-10 did not colocalize with
Heterochromatin Protein 1 (HP1) at the telomere (Fig.
4B,C); the proteins occupied distinct subdomains at the
end of chromosomes 2L and 4, with HP1 located more
distally along the chromosome.

SU(VAR)2-10 staining is closely associated with lamin
around the nuclear periphery during interphase

SU(VAR)2-10 staining was closely associated with lamin
staining around the nuclear periphery of interphase cells

A

Figure 4. SU(VAR)2-10 is generally associ-
ated with squashed polytene chromosomes
and does not colocalize with HP1 at telo-
meres. Indirect immunofluorescence show-
ing SU(VAR)2-10 (green) on squashed poly-
tene chromosomes (DAPI-stained DNA is
blue in all panels). (A) SU(VAR)2-10 associ-
ates with polytene chromosomes in a gen-
eral punctate pattern. The chromocenter is
labeled (arrow), as are some euchromatic
bands (arrowheads), and the tips of chromo-
somes 2L (B) and 4 (C), Bar in A, 15 um. (B)
Magnified view of area boxed in A showing
that SU(VAR)2-10 (green) does not colocal-
ize with HP1 (red) at the tip of chromosome
2L. (C)HP1 (red) densely stains the chromo-
center and chromosome 4, and SU(VAR)2-
10 (green) is found near the tip of chromo-
some 4. Bar, 10 pm. (D,E) SU(VAR)2-10 pro-
teins localize distinctly to telomeres.
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from neuroblasts and salivary glands (Fig. 5). In neuro-
blast nuclei, the proteins tightly colocalized around the
nuclear periphery, and distinct spots of SU(VAR)2-10
staining were present in the nuclear lumen that did not
colocalize with lamin (Fig. 5C). In salivary gland nuclei,
portions of SU(VAR)2-10 colocalized with nuclear lamin,
but the colocalization was sometimes variable (cf. Figs.
3B and 5F), most likely owing to differences in antibody
penetration of the sheath that surrounds the whole-
mount salivary glands. In S2 cells, where SU(VAR)2-10
localization near the nuclear periphery was less pro-
nounced, SU(VAR)2-10 staining overlapped with lamin
at only a few discrete foci (Fig. 5I). These differences
may reflect tissue-specific distributions for the various
SU(VAR)2-10 isoforms, and further experiments are
needed to determine whether SU(VAR)2-10 and lamin
proteins bind, and whether the association of these pro-
teins is necessary for normal cellular function.

SU(VAR)2-10 isoforms influence chromosome
condensation independently of transcription

The homology with PIAS proteins suggests that SU-
(VAR)2-10 isoforms may influence chromosome struc-
ture and function indirectly, perhaps by regulating the
transcription of other genes that control chromosome
structure and function. To address the potential role in
transcription, SU(VAR)2-10 inhibition in syncytial Dro-
sophila embryos was compared to a general block in
transcription. Chromosome divisions were examined
with real-time deconvolution microscopy, using em-
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Figure 5. SU(VAR)2-10 and lamin colocalize around the nuclear periphery in interphase neuroblasts and salivary gland cells. Indirect
immunofluorescence showing simultaneous localization of SU(VAR)2-10 and nuclear lamin in interphase cells from third-instar larval
neuroblasts (A-C), whole-mount salivary gland nuclei (D-F), and interphase S2 cells (G-I). In all panels, green is anti-SU(VAR)2-10
staining and red is anti-lamin staining. SU(VAR)2-10 and lamin are tightly colocalized in neuroblasts (A-C) and salivary gland cells
(D-F), but the two do not colocalize in S2 cells (G-I). Note the SU(VAR)2-10-specific staining in the interior of neuroblast nuclei (A4,C).

(A-C,G-I) Bar, 5 um. (D-F) Bar, 15 um.

bryos expressing a Histone-GFP fusion protein (Clark-
son and Saint 1999).

Affinity-purified, anti-SU(VAR)2-10 antibodies were
injected into pre-cycle 13 embryos, and two divisions
were filmed post-injection. Embryos were exquisitely
sensitive to the concentration of the SU(VAR)2-10 anti-
bodies. Injecting anti-SU(VAR)2-10 antibodies at a con-
centration of 10 mg/mL yielded massive chromosome
condensation defects that eventually resulted in a pro-
phase/prometaphase arrest (middle panels, Fig. 6). Em-
bryos injected with anti-SU(VAR)2-10 antibodies at a
concentration of 4 mg/mL showed major chromosome
segregation defects, but no defects in condensation (data
not shown). Importantly, the defects produced by dis-
rupting SU(VAR)2-10 activity in early embryos precisely
mimic the mitotic phenotypes generated by Su(var)2-10
mutations in third instar larvae (see above). Condensa-
tion defects were never observed in uninjected control
embryos, or in control embryos injected with the BSA-
supplemented filtrate from the antibody concentration
procedure (left panels, Fig. 6; see Materials and Methods).

The transcription profile of early Drosophila develop-
ment suggests that these defects are not caused by alter-
ing SU(VAR)2-10-mediated transcriptional activation.

Zygotic transcription is dispensable until cycle 14 (Mer-
rill et al. 1988; Wieschaus and Sweeton 1988), and al-
though some zygotic RNAs can be visualized prior to
cycle 13 (Zalokar 1976), the rapidity of these cycles
likely precludes the production of functional transcripts
(O’Farrell et al. 1989). Because our antibody injection
experiments were performed on pre-cycle-13 embryos, it
is unlikely that inhibition of zygotic transcription is re-
sponsible for the observed phenotypes. To address the
role of zygotic transcription in generating the Su(var)2-
10 embryonic defects, we examined embryos injected
with a-amanitin, an effective RNA polymerase II inhibi-
tor in Drosophila embryos (Edgar and Schubiger 1986). If
SU(VAR)2-10 antibody injections caused the condensa-
tion and segregation defects via failed transcriptional ac-
tivation, we would expect that a general inhibition of
transcription would yield similar defects. However, am-
anitin injections yielded no defects in chromosome con-
densation or anaphase segregation (right panels, Fig. 6).
We conclude that inhibiting SU(VAR)2-10 activity in
early embryos directly results in chromosome structure
and function defects that are not caused by the inability
to express other genes. Although these data do not ex-
clude a potential role for SU(VAR)2-10 in transcriptional
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anti 2-10, t=15

anti 2-10, t=25

BSA, t=29

Figure 6. SU(VAR)2-10 antibodies disrupt chromosome condensation and segregation in early embryos. Chromosome condensation
and segregation are disrupted in embryos injected with anti-SU(VAR)2-10 antibodies (middle panels), but not in embryos injected with
BSA (left panels) or a-amanitin (right panels), an RNA polymerase inhibitor. Embryos shown are at equivalent time points during the
second mitotic cycle after injection. Time in minutes (t) postinjection is indicated for each panel. Note that at ¢t = 25 metaphase
chromosomes in the BSA- and a-amanitin-injected embryos are properly condensed and aligned at the metaphase plate. These nuclei
divide and continue to cycle. During the second postinjection cycle in anti-SU(VAR)2-10-injected embryos, condensed metaphase

chromosomes are never formed, and the mitotic cycles arrest prior to metaphase.

repression of a gene whose misexpression causes the ob-
served phenotypes, it is unlikely given the absence of
transcription in early embryos.

Interphase chromosome organization is altered
in Su(var)2-10 mutant nuclei

SU(VAR)2-10 protein localization and the pleiotropic
mutant phenotypes suggest that this locus may play a
global role in chromosome and nuclear function. To ex-
amine the role of SU(VAR)2-10 in nuclear organization
directly, we monitored telomere-telomere and telomere—
lamina associations in whole-mount salivary gland nu-
clei using Fluorescence In Situ Hybridization (FISH).
Interphase chromosomes are often organized in a Rabl
configuration where centromeres and telomeres lie at
opposite ends of the nucleus (Dernburg 1995). Fluores-
cently labeled DNA probes specifically hybridized to
centric and telomeric regions (Fig. 7A), and three-dimen-
sional analyses showed that chromosomes in whole-
mount nuclei from control, third instar larvae assume a
Rabl configuration (Fig. 7C). The average distance be-
tween telomeric hybridization signals in wild-type third
instar larvae was 5.5 um, and nearly 80% of nuclei
yielded a telomere distance : nuclear diameter ratio of
<0.2 (blue bars, Fig. 7F). By contrast, nuclei from first
instar larval glands showed a dramatic separation of telo-
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meric signals, with 63% of nuclei exhibiting a telomere
distance : nuclear diameter ratio >0.25 (Fig. 7B; green
bars, Fig. 7F, p <0.01). These results suggest that telo-
meres are not as tightly clustered during first instar de-
velopmental stages, and imply that telomere clustering
in salivary gland nuclei occurs during later stages of lar-
val development.

Telomere clustering was aberrant in Su(var)2-10*/
Su(var)2-107 third instar larvae (Fig. 7D). Two separated
telomere hybridization signals were observed in 73% of
mutant nuclei, compared to only 9% for wild-type con-
trols. The average distance between telomeric hybridiza-
tion signals in Su(var)2-10 mutants was 11.6 um, and
70% of nuclei yielded a telomere distance : nuclear di-
ameter ratio >0.25 (red bars, Fig. 7G, p <0.001). Telo-
mere clustering defects are not the result of arrested de-
velopment at first instar stages because the average size
of the Su(var)2-10 mutant nuclei analyzed in these ex-
periments (30.96 num) is similar to third instar control
nuclei (29.84 pm; also cf. sizes in Fig. 7C,D). This analy-
sis also revealed Su(var)2-10 mutant nuclei have aber-
rant associations between telomeres and the nuclear
lamina (cf. red and blue bars, Fig. 7H). On average, telo-
meric hybridization signals in mutant nuclei were posi-
tioned 3.0 pm from the nuclear lamina with 26% of telo-
meres within 1 pm of the lamina (red bars, Fig. 7H). By
contrast, the average telomere-to-lamina distance in
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Figure 7. Defects in telomere-telomere and telomere-lamina associations occur in Su(var)2-10 mutant cells. FISH analyses using
centric (green) and telomeric (red) probes to analyze chromosome organization in interphase polytene nuclei are shown. (A) Squashed
polytene chromosomes from larval salivary glands were hybridized with the DNA probes and counterstained with DAPI (blue) to
visualize DNA. Centric probes bind the heterochromatic chromocenter as expected, and telomeric probes bind the tips of chromo-
somes 2L and 3L Bar, 15 um. Telomeric hybridization signals are separated in whole-mount nuclei from first-instar larval salivary
glands (B), but are more tightly associated in nuclei from third-instar larvae (C). Telomere-telomere and telomere-lamina associations
are disrupted in Su(var)2-10 mutant nuclei (D). Blue represents nuclear lamin staining in B-D Bar, 10 um. (E-G) Bar graphs representing
telomere-telomere and telomere-lamina distances relative to nuclear diameter for wild-type first-instar (green bars) and third-instar
(blue bars) larvae, and for Su(var)2-10 mutant larvae (red bars). Two-sample t-tests confirmed that the differences between control and

mutant ratios were statistically significant (see text for p-values).

wild-type controls was only 1.7 pm, and 72% of telo-
meres were within 1 um of the nuclear lamina (blue bars,
Fig. 7H, p < 0.01). We conclude that telomere-telomere
and telomere-lamina associations are severely disrupted
in Su(var)2-10 mutant polytene nuclei, demonstrating
that SU(VAR)2-10 plays a role in the organization of
chromosomes in the interphase nucleus.

Donaldson and Karpen have proposed that variegated
gene expression from terminally deleted minichromo-
somes (e.g., the yellow* gene in y878) is linked to the
juxtaposition of telomeric chromatin, which in turn in-
fluences nuclear organization and gene expression (Don-
aldson and Karpen 1997). Su(var)2-10 mutations domi-
nantly suppress this terminal-deficiency-associated PEV

(TDA-PEV; data not shown), which correlates with the
telomere localization of the protein and mutant effects
on telomere clustering and lamina interactions.

Discussion

The diverse phenotypes displayed by Su(var)2-10 mu-
tants indicate that the gene plays multiple roles in the
cell. Decreased minichromosome transmission and de-
fective anaphase movements of endogenous chromo-
somes in embryos and neuroblasts demonstrate a role in
chromosome inheritance. Its involvement in chromo-
some structure is demonstrated by condensation defects
during metaphase in embryos and neuroblasts and in in-
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terphase polytene cells. The suppression of variegation
phenotype indicates a role in gene expression, and the
homology to the PIAS protein family and the presence
of melanotic tumors in mutant larvae suggest that
SU(VAR)2-10 functions in the JAK-STAT signal trans-
duction pathway. In fact, studies performed recently by
the Darnell lab have demonstrated genetic and biochem-
ical interactions between Drosophila PIAS Su(var)2-10
and components of the JAK-STAT pathway (A. Betz and
J.E. Darnell, pers. comm.). Surprisingly, SU(VAR)2-10
proteins are not localized to mitotic chromosomes and
in interphase cells are localized to telomeres, the nuclear
lamina, and the nuclear lumen. Lastly, the defects in
telomere clustering and telomere-lamina associations
and the mutant effects on TDA-PEV demonstrate a role
for SU(VAR)2-10 in telomere function and nuclear orga-
nization. Lethality is most likely caused by a combina-
tion of these defects, and the various phenotypes may
have a common underlying cause, namely, aberrant
chromosome structure and nuclear organization.

Relating the SU(VAR)2-10 homologs to SU(VAR)2-10
function

Data from these Drosophila studies may clarify the
mode of action for mammalian PIAS proteins. Although
PIAS] was initially characterized as an inhibitor of
STATI1-mediated gene activation (Liu et al. 1998), recent
work indicates that PIAS proteins are not acting exclu-
sively in the JAK-STAT pathway; PIAS1 also acts as a
nuclear receptor coregulator for the androgen, glucocor-

gene
expression

viability

inheritance

chromosome

ticoid, and progesterone receptors (Tan et al. 2000). How
the protein coordinates interactions with multiple bind-
ing partners is unclear. Similarly, SUVAR)2-10 isoforms
could act in concert with multiple transcriptional regu-
lation complexes (Fig. 8A); however, a role in transcrip-
tion does not exclude additional, more direct roles in
chromosome inheritance. In Saccharomyces cerevisiae,
CPF1 acts as a centromere-binding protein and a tran-
scriptional regulator (Mellor et al. 1990). In addition, hu-
man Centromere Protein C (CENP-C) interacts with two
nucleolar transcription factors, UBF1 and UBF2 (Pluta
and Earnshaw 1996). These observations indicate that
transcriptional regulation and chromosome inheritance
can utilize common factors, and suggest that either the
factors have dual function, or that the processes are
linked by a common mechanism (e.g., the nuclear orga-
nization of chromosomes as discussed below).

Several observations argue against models for Su(var)
2-10 function based solely on transcriptional regulation.
First, we have observed direct, transcription-indepen-
dent effects on chromosome condensation and segrega-
tion in our antibody microinjection experiments. Simi-
larly, one SU(VAR)2-10 ortholog, KChAP, binds voltage-
gated potassium channel subunits and modulates
channel currents; however, its ability to up-regulate cur-
rents does not require transcription (Kuryshev et al.
2000). Second, SU(VAR)2-10 proteins do not associate
with polytene chromosomes in a banded pattern, which
substantially differs from the localization of known tran-
scription factors and cofactors, for example, GAGA fac-
tor, a transcriptional activator; and SMRTER (SMRT-re-

chromosome
inheritance

viability

gene
expression

Figure 8. Models for SU(VAR)2-10 function. In a wild-type interphase cell, SU(VAR)2-10 proteins (green balls) are present in the
cytoplasm and the nucleus, where the predominant localization observed is near the nuclear periphery and in interchromosomal
spaces (pink tubes, chromosomes; blue tubes, heterochromatin; wide blue tube, centromere). (A) SU(VAR)2-10 isoforms may function
in a variety of transcriptional regulation complexes, associating with a number of chromosome-bound transcription factors (dark blue
and purple ovals), and each association may control a different cellular response (e.g., viability, gene expression, or chromosome
inheritance). (B) SU(VAR)2-10 coordinates chromosome organization in interphase nuclei, ensuring normal viability, gene expression,
and chromosome inheritance. Importantly, the two models presented here are not mutually exclusive.
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lated ecdysone receptor-interacting factor), a nuclear re-
ceptor coregulator (Tsai et al. 1999). Finally, our in vivo
functional analyses of Su(var)2-10 suggest that PIAS ho-
mologs function in cellular processes beyond transcrip-
tion, including chromosome structure, inheritance, and
the organization of chromosomes in the nucleus. Regard-
less of whether these effects are direct or indirect, the
exciting possibility that SU(VAR)2-10 and other PIAS
proteins link signal transduction to chromosome behav-
ior warrants further analysis.

SU(VAR)2-10 and the nuclear organization
of chromosomes

We propose a parsimonious model that accounts for the
behaviors of SU(VAR)2-10 and possibly other PIAS pro-
teins. The primary role for SUVAR)2-10 may be to pro-
mote normal chromosome organization in the inter-
phase nucleus and generate/maintain the chromatin
structures required for normal gene expression and chro-
mosome inheritance (Fig. 8B). The organization of chro-
mosomes in the interphase nucleus is a coordinated,
nonrandom process. Three broad levels of nuclear archi-
tecture are generally consistent in diverse cell types (e.g.,
diploid versus polytene cells). First, chromosomes can be
organized in a Rabl configuration with centromeres at
one end of the nucleus and telomeres at the other (for
review, see Dernburg 1995). Second, chromosomes are
not intertwined within the nucleus; rather, they occupy
distinct domains (Hochstrasser et al. 1986; Bridger and
Bickmore 1998). Third, discrete chromosome regions are
in close contact with the nuclear lamina (Marshall et al.
1996). Various chromosomal functions are associated
with the nuclear lamina. The perinuclear localization of
genes in S. cerevisiae can induce transcriptional silenc-
ing (Andrulis et al. 1998), and in Drosophila embryos,
focal points for the initiation of chromosome condensa-
tion occur near the nuclear periphery (Hiraoka et al.
1989). Furthermore, interphase centromeres in mamma-
lian cells and Drosophila embryos tend to cluster at the
nuclear periphery and around nucleoli (for review, see
Pluta et al. 1995). Therefore, nuclear organization defects
in interphase could result in multiple chromosome ab-
normalities, including altered gene expression, defective
chromosome condensation at prophase, and aberrant
segregation in anaphase. All are phenotypes exhibited by
Su(var)2-10 mutants. The strongest direct support for a
nuclear organization role for Su(var)2-10 comes from the
defective telomere-telomere and telomere-lamina inter-
actions in Su(var)2-10 mutant nuclei. Consistent with a
role in these processes, SU(VAR)2-10 proteins localize to
telomeres and are concentrated at the nuclear periphery
during interphase. The recent description of the SAP do-
main, an amino acid motif present in the human scaffold
attachment factors SAF-A and SAF-B, Ku70 DNA repair
proteins, and all SU(VAR)2-10 proteins, further impli-
cates Su(var)2-10 in determining interphase chromo-
some organization (Aravind and Koonin 2000). The SAP
domain of SU(VAR)2-10 isoforms may link specific chro-
mosomal regions to the nuclear lamina; moreover, the
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transcriptional regulation properties assigned to PIAS
family members may be the secondary consequence of a
primary defect in interphase chromosome organization.

Here we have progressed from identifying a mutation
that causes a chromosome transmission phenotype to a
molecular entry into heterochromatin biology and the
organization of chromosomes within the nucleus. Future
studies of how Su(var)2-10 regulates chromosome struc-
ture and function will include identifying its binding
partners and resolving the functions of the different iso-
forms. Categorizing the complexes in which SU(VAR)2-
10 proteins are found will help determine its modes of
action. More broadly, data generated from these studies
will expand current views on the biological functions of
the PIAS protein family, and how interphase chromo-
some architecture contributes to transcriptional regula-
tion and chromosome inheritance.

Materials and methods

Genetic techniques

All genetic crosses were carried out at 25°C, and minichromo-
some transmission assays were performed as described previ-
ously (Cook et al. 1997). The two Su(var)2-10 EMS alleles were
kindly provided by Gunter Reuter (Wustmann et al. 1989), and
fly lines were obtained from the Bloomington and Umea Dro-
sophila Stock Centers. Precise and imprecise excisions of the
Su(var)2-10°%%°7 P element were generated by genetically intro-
ducing a source of transposase to fly lines bearing the P element
and selecting for loss of the rosy* eye color marker. In all analy-
ses presented, the control is our standard y? ; ry°% strain.

Mitotic defects

Mitotic chromosome squashes were prepared from third-instar
larval brain tissue as described in protocol 2 of Gatti et al.
(1994), except neither hypotonic incubation nor colchicine
treatment was used. Mitotic figures from mutants were com-
pared to those from y’; ry°% control larvae. At least 50 fields
per brain were scored for mitotic figures, where a field was
defined as the region visible at 100x magnification with 1.25x
optivar on a Zeiss Axiophot fluorescence microscope. Rare an-
euploid metaphase figures in mutant brains were not included
in quantitating the defects. The mitotic index (M.I.) was calcu-
lated as the total of metaphase plus anaphase figures divided by
the total number of fields scored.

c¢DNA mapping and transformation rescue experiments

Plasmid rescue of genomic DNA flanking the Su(var)2-10°%%°7
insertion yielded a 5-kb Xhol fragment that was used to probe
an embryonic ¢cDNA library (a gift from Carl Thummel). Six
Su(var)2-10 cDNAs were isolated, and additional ESTs from the
locus were identified from the BDGP database. The 5-kb Xhol
fragment was also used to screen the BDGP PI1 clones from
polytene region 45A. A 15-kb EcoRI fragment from P1300 that
contained the locus was subcloned into the pYES transforma-
tion vector (a gift from Pamela Geyer; Patton et al. 1992). Germ
line transformation into y’; ry°%¢ produced an X-chromosome
transgene that was used in the lethality and minichromosome
transmission rescue experiments. The element was remobilized
to generate a third chromosome insertion used for analyzing
rescue of the PEV suppression phenotype.
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Analyzing the Su(var)2-10 alleles

To sequence Su(var)2-10' and Su(var)2-10?, single-embryo PCR
was performed using primers that span the coding region. DNA
sequences for purified PCR products were determined by the
Salk Institute DNA Sequencing Facility, using an ABI377 auto-
mated sequencer (Perkin Elmer), and sequences were analyzed
using the Sequencher software package (Gene Codes). Se-
quences from Su(var) chromosomes that did not alter minichro-
mosome transmission (H. Le, K. Donaldson, K. Cook, and G.
Karpen, in prep.) and y’ ; ry°% were used as controls. AT - A
mutation in Su(var)2-10" yields a leucine-to-methionine change
in amino acid 327, and a G - A mutation in Su(var)2-10° yields
a tryptophan-to-STOP change in amino acid 260. Su(var)2-
1093¢%7 excisions were defined as precise or imprecise based on
complementation, Southern blot, and PCR analyses. Of 107 ex-
cisions, 31 were precise and 76 were imprecise. Four imprecise
excisions, including Su(var)2-10"**7#, failed to complement Su-
(var)2-10 for lethality and deleted 3’ into the coding region.
Su(var)2-107%744 removes all of the Su(var)2-10 coding se-
quences (see Supplemental Material at www.genesdev.org).

Generating SU(VAR)2-10 antibodies

PCR was used to generate a 690-bp fragment (representing
amino acids 124-354) from the middle portion of Su(var)2-10
that was cloned into a 6xHis-tagging vector (pQE-30, Qiagen).
The tag was added to the N terminus of this 230-aa fragment.
The fusion protein was expressed in Escherichia coli and puri-
fied over a Ni-NTA column. Three extra bands coeluted from
the Ni-NTA column with the fusion protein; fractions contain-
ing the fusion protein were pooled and further purified over
Mono-Q and Mono-S columns. All four bands coeluted from
both columns. Western blotting with anti-RGS-HIS antibodies
(Qiagen), which recognize the 6xHis tag bound to all four bands,
indicated that these were degradation products from the car-
boxyl end of the 6xHis/SU(VAR)2-10 fusion protein. Preparative
gels were run, and the full-length fusion protein was excised
from these gels for use in raising Guinea Pig antibodies (Co-
vance).

Western analysis

SU(VAR)2-10 antibodies were affinity-purified from Western
blots using the 6xHis/SU(VAR)2-10 fusion protein. 10 pL of
purified cytoplasmic and nuclear extracts from 0-12-h embryos
(gifts from the lab of J. Kadonaga, UC San Diego) were electro-
phoresed through a 12.5% SDS-PAGE gel and transferred to
PVDF membrane using a Bio-Rad electrophoretic transfer cell.
The blot was probed with a 1: 100 dilution of affinity-purified
anti-SU(VAR)2-10 antibody, and a 1 : 5000 dilution of a horse-
radish peroxidase-conjugated Goat anti-Guinea Pig secondary
antibody (Chemicon). Bands were visualized using ECL Western
blotting detection reagents (Amersham Pharmacia Biotech).

Cytological analyses

Mitotic figures were analyzed using a Zeiss Axiophot fluores-
cence microscope equipped with a Princeton Instruments
cooled CCD camera. Images were captured using IP Lab Spec-
trum Imaging Software (Scanalytics) and arranged using Adobe
Photoshop. For antibody staining experiments, 0-4-h embryos
were prepared and stained as described in Theurkauf (1994).
Two protocols were used to prepare and stain squashed neuro-
blast tissue (Andrew and Scott 1994; Fanti et al. 1998). S2 cell
(Invitrogen) maintenance and staining procedures are described
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in Blower and Karpen (2001). Whole-mount salivary glands were
stained as in Goldberg et al. (1998), except that DNA was
stained 5 min in 1-ug/mL DAPI. Squashed polytene chromo-
somes were prepared and stained as described in Platero et al.
(1995) or Andrew and Scott (1994). Primary antibody dilutions
were as follows: affinity-purified guinea pig anti-SU(VAR)2-10,
1:10; monoclonal anti-lamin , 1:10; monoclonal anti-HP1,
1:10; and affinity-purified rabbit anti-GAGA factor, 1: 100.
Goat anti-guinea pig-FITC, goat anti-mouse-Cy3 (Chemicon),
and donkey anti-rabbit-Cy5 (Jackson ImmunoResearch Labora-
tories) secondaries were used at a 1: 100 dilution. The mono-
clonal anti-lamin consisted of T47 (provided by S. Wasserman,
UC San Diego) and T40 (provided by J. Sedat, UC San Francisco).
The monoclonal anti-HP1 was C1A9, provided by B. Wakimoto
(U. of Washington). The affinity-purified rabbit anti-GAGA fac-
tor came from the lab of J. Lis (Cornell University). Salivary
gland defect and protein localization images were captured us-
ing a DeltaVision Optical Sectioning Microscope and were de-
convolved and modeled using the DeltaVision softWoRx soft-
ware package (Applied Precision).

FISH analyses for nuclear organization

Telomere probes for chromosomes 2L and 3L were generated by
genomic PCR from the 457-bp subtelomeric repeat within the
Taq minisatellite from Chromosome 2L (Walter et al. 1995).
Single-stranded AACAC 40-mer oligonucleotides were used as
probes for chromosome 2R-specific centric heterochromatin
(Dernburg et al. 1996a). Telomeric and centric probes were fluo-
rescently labeled as described in Dernburg et al. (1996a) using
Cy3-dUTP (Amersham Pharmacia Biotech) and FITC-dUTP
(Enzo Diagnostics), respectively. Larval salivary glands were iso-
lated and fixed as above for whole-mount glands, and FISH was
performed as described in Dernburg (1999), using 100 ng of each
probe. Glands were stained with anti-lamin antibodies as above
following the FISH procedure.

Antibody injections into early embryos

Microinjections were performed as described (Francis-Lang et
al. 1999; Sharp et al. 2000), except that divisions were filmed
using DeltaVision Optical Sectioning Microscopy (Applied Pre-
cision). Histone-GFP transgenic flies were developed by R.
Saint (Clarkson and Saint 1999) and were provided by B. Sulli-
van (UC Santa Cruz). Affinity-purified anti-SU(VAR)2-10 anti-
bodies in 1x PBS/50% glycerol were concentrated using Micro-
con YM-10 centrifugal filter devices (Millipore Corporation).
BSA was added to the filtrate from this concentration procedure
to a final concentration of 10 mg/mL, and this solution was
injected as a control. Purity of the antibody injection solutions
and BSA-supplemented control was verified by Coommassie
gel. a-Amanitin was injected at 500 pg/mL in 1x PBS/50% glyc-
erol.

Statistical analyses

Chi square tests were used to compare the percentages of mi-
totic defects in control versus mutant neuroblasts. Two-sample
t-tests were performed to determine the statistical significance
of observed differences between control and mutant telomere—
telomere and telomere-lamina interactions. Means were com-
pared assuming equal and unequal variances. Both methods pro-
duced the same p-value for all cases examined.
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